INTRODUCTION
Hepatic encephalopathy (HE) is often a serious sequela of chronic liver disease with significant morbidity, mortality and healthcare costs. In the United States HE accounts for 22, 931 hospitalizations with an average stay of 8.5 days and a total cost of $64,108 per case.
1 HE can be graded by severity using the West Haven Criteria and can be divided into minimal HE (MHE) and overt HE (OHE) (Fig. 1) . While the basis of HE is likely multifactorial, increased systemic circulation of ammonia plays a pivotal role. Thus current management of HE focuses on reducing blood ammonia concentrations using nonabsorbable disaccharides and antibiotics. Definitive treatment of manifestations of portal hypertension such as HE requires liver transplant. Hepatic encephalopathy is not only associated with poor prognosis but also significant detrimental effects to quality of life and a substantial burden to caregivers and healthcare systems.
PATHOGENESIS
The pathogenesis of HE is likely multifactorial. Ammonia and dysregulation of the urea cycle is often implicated in the pathogenesis of HE. Nitrogenous compounds excreted by gut bacteria are transported to the liver via the portal circulation where it, along with endogenous nitrogen, enter the urea cycle. The end process is the generation of urea which is subsequently excreted through urine. 2 In advanced liver disease, damaged hepatocytes and the development of portosystemic shunts results in ammonia bypassing the liver and accumulating in the systemic circulation ( Fig. 2) . 3 Ammonia then crosses the blood-brain battier and is metabolized by astrocytes to synthesize glutamine from glutamate via glutamine synthetase. 4 Glutamine increases the osmotic pressure within the astrocyte resulting in morphologic malformations similar to those seen in Alzheimer's disease Type II. [5] [6] [7] In addition astrocyte swelling stimulates the formation of reactive oxygen species that further increases astrocyte swelling. 8 It is believed that the glutamine produced from ammonia is transported from the cytoplasm to mitochondria where it is again converted back to glutamate and ammonia. This results in mitochondrial dysfunction, increasing production of reactive oxygen species. 9 Evaluation of cortical brain tissue postmortem have found higher levels of RNA oxidation markers in patients with HE than those without liver disease. 10 Studies have also
shown an association between hyperammonemia and increased gamma-amino-n-butyric acid (GABA). 11, 12 Possible mechanisms for this include direct action of ammonia on GABA receptors and inhibition of astrocyte uptake of GABA thereby resulting in increased levels of extracellular GABA. 13 Portosystemic shunts can also cause HE by diverting venous blood from the portal system into systemic circulation. These shunts often develop in the setting of advanced liver disease but can also be present in the absence of liver disease. Shunts may be iatrogenic with the placement of transjugular intrahepatic portosystemic shunt (TIPS). Often these patients experience an increase in the frequency of HE post procedure and a decrease in HE episodes after occlusion of these shunts.
14 PRESENTATION AND DIAGNOSIS
Clinical presentation
Hepatic encephalopathy can present with a wide spectrum of neurocognitive manifestations. In the case of MHE, there may not be any obvious clinical changes. However these patients have abnormal psychometric tests and subtle changes in personality may be reported by caregivers. 15 As progression to OHE occurs patients will have greater disturbances in cognition leading to more drastic personality changes, irritability and disinhibition. Motor abnormalities such as hypertonia and hyperreflexia as well as extrapyramidal dysfunction such as rigidity, bradykinesia, dyskinesia, hypokinesia, and slowness of speech are also often present. 16 Sleep disturbances with excessive daytime sleepiness are another common manifestation in OHE. 17 While asterixis is not specific to HE, it is an important finding in HE. The International Society of Hepatic Encephalopathy and Nitrogen Metabolism recommends that the onset of asterixis and disorientation be used to define OHE. 18 
Diagnosis of overt hepatic encephalopathy
Overt hepatic encephalopathy may be precipitated by an event such as electrolyte imbalance, gastrointestinal bleeding or acute liver injury. Initial evaluation should include investigation into possible instigating factors. In addition OHE should be differentiated from stroke or other causes of neuralgic disturbance that can mimic OHE. The West Haven Criteria is most often used to grade OHE (Fig. 1) . 26, 27 This criteria grades the neurological deficits seen in OHE patients, including motor system abnormalities and behavioral or personality changes ( Fig. 1 ). Grade 1 is considered MHE while grades 2 to 3 reflect severity of OHE manifestations and Grade 4 is reserved for comatose patients. No laboratory test is presently available to diagnose OHE. Although ammonia plays a key role in the pathogenesis of OHE and is often found to be elevated in population studies, on an individual basis serum ammonia level is not accurate in the diagnosis of OHE.
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CLINICAL IMPACT
Clinical outcomes and healthcare utilization
Overt hepatic encephalopathy has been shown to have a poor prognosis independent of severity of liver disease. One study evaluating hospitalized patients with OHE found that 1 year survival probability was 42% and 23% at 3 years. 29 Similarly past studies have also found 1 year survival to be 20%-40% with 3 year survival of 15%. 30, 31 A retrospective analysis of patients with severe HE requiring intensive care unit admission found 1 year mortality to be 54%. 32 Yet another study found readmission rates of 37% in the first month. 37 Of these readmission the authors concluded that 25%
could have been prevented with better patient understanding of their medical regiment and closer outpatient follow-up. Hospital readmissions were also associated with higher mortality, independent of disease severity. The same study reported the mean cost of readmission within 1 week to be $28,898 and $20,581 for readmissions between weeks 1 and 4.
Disability and burden on caregivers
The impact of HE on both patients, their care givers, and society as a whole can be profound. Often patients with frequent episodes of HE are left with permanent disabilities and poor quality of life that strain resources of care givers and healthcare systems. Several clinical studies have shown that patients develop cumulative deficits in learning capacity, memory and response inhibition even after resolution of overt OHE. 19, 20, 38 Several studies have shown the patients with HE have difficulty operating motor vehicles. Bajaj et al. 39 followed 167 cirrhotic patients over 1 year and found that patients with MHE had a 22% rate of traffic violations compared to 3% in those without MHE. In yet another study 51 chronic cirrhotic patients and 48 age matched controls were subjected to driving tests and assessment by instructors. 40 Per the final assessments only 39%
of patients with OHE and 48% of patients with MHE were fit to drive, compared to 75% in the control group. In patients with OHE the primary difficult was cognitive defects and prolonged reaction times. In the MHE most mistakes were secondary to attention deficits. Deficits in reaction times and attention in patients with HE can increase the risk of falls. This is particularly dangerous as most HE patients have underlying cirrhosis which often accompanies coagulopathy. Román et al. 41 evaluated 130 cirrhotic patients and 43 controls for falls over a 12 month period of time.
Of the patients with cirrhosis, 45 were diagnosed with MHE and were found to have a higher incidence of falls (40%) as compared to cirrhotic patients without MHE (12.9%) or controls (11.6%). Due to their significant disabilities and inability to care for themselves, HE patients often put a great burden on caregivers. This can be seen often in clinical practice however there has been little published data on the matter. Bajaj et al. 42 evaluated 104 patients with cirrhosis, 44% of which had previous episodes of HE. Patients and caregivers were evaluated in a series of questionnaires. Regarding patient employment, 44% had stopped working after the diagnosis of cirrhosis although 71% thought continuing to work was important to them and would do so if they could. Furthermore of the patients that continued to work, 53% had to decrease their hours. The financial burden of cirrhosis and HE often severely impacts the quality of life in these families. Fifty-six percent of families responded that they had to stop saving to pay for medical costs and 46% had incurred debt. Overdue bills (15%), reduced funding for education (16%), lack of funding for food (11%), loss of homes (15%) and bankruptcy (7%) were also reported. When evaluating caregivers for depression, 18% had mild depression while 5% had moderate and 5% had severe depression. Twenty-two percent of the caregivers had mild anxiety, 12% had moderate and 5% had severe anxiety. Interestingly model for end stage liver disease (MELD) and patient's cognitive status showed strong correlations with caregiver burden, measure via Perceived Caregiver Burden Scale and Zarit Burden Interview short form questionnaire.
MANAGEMENT
The approach to HE depends on its severity (Fig. 3) . Treatment of inciting event is the first priority as 90% of HE patients will have a precipitating factor. 43 Management of acute mental status changes to return patient back to baseline should be the next priority. Lastly therapy should be directed to prevent recurrence of HE, secondary prophylaxis. Medical treatment for HE has been limited. Common medications include lactulose and rifaximin (Table 1) . Nutrition may also play a key role in managing HE and preventing recurrence. 44 Second line, less accepted therapies, include probiotics, branched chain amino acids (BCAAs), flumazenil, zinc and ammonia scavengers.
Nutrition
Maintaining adequate nutrition is vital in patients with HE. Protein calorie malnutrition is commonly found in HE patients and has been associated with poor prognosis. 45 Often inappropriate recommendations to reduce protein intake, frequent body fluid removal via paracentesis or anemia from gastrointestinal bleeding all likely contribute. 46 Maintaining adequate protein intake is essential in preventing muscle wasting. After the liver, skeletal muscle is the largest site of ammonia metabolism. 47 Similar to astrocytes, skeletal muscles use glutamine synthetase to generate glutamine from ammonia and glutamate. The glutamate is in turn synthetized from branch chain amino acids. This pathways is likely the reason HE patients have been documented to have lower concentrations of serum branch chained amino acids. Recent studies provide evidence for the benefits of protein intake with every meal as well as late night snacks to prevent protein breakdown overnight. 48, 49 Gluud et al. 50 conducted a meta-analysis of eight trials evaluating the effects of oral BCAAs in HE and concluded that oral branch chain amino acids improved manifestations of HE but no effect on overall mortality or nutrition status was observed. An expert panel commissioned by the ISHEN have provided detailed recommendations on nutritional management of patients with hepatic enceophalopathy. 44 The committee concluded that optimal daily energy intake should be 35 to 40 kcal/kg ideal body weight with daily protein intake of 1.2 to 1.5 g/kg ideal body weight and fiber intake of 25 to 45 g daily. Furthermore meals should small and evenly distributed during the day with a late night snack of complex carbohydrates to minimize protein utilization overnight. Patients should be encouraged to adhere to diets rich in vegetable and dairy protein. If patients are intolerant of dietary protein, BCAA supplementation is an alternative to consider. Multivitamin use can be considered in patients admitted for decompensated cirrhosis with the addition of specific treatments for clinically apparent vitamin deficiencies.
Nonabsorbable disaccharides
Nonabsorbable disaccharides, lactulose and lactitol, have long been the mainstay of treatment for HE. Guidelines from both the American Association for the Study of Liver Disease (AASLD) and European Association for the Study of Liver Disease both recommend the use of these agents. 51 Although nonabsorbable disaccharides are the most commonly prescribed medication for HE, a Cochrane review found no statistically significant effect on mortality when comparing placebo or no intervention to nonabsorbable disaccharides. 52 Furthermore there was no statistically significant difference between lactulose and lactitol on mortality. Nonabsorbable disaccharides had an increased risk of no improvement when compared to antibiotics. Sharma et al. 53 conducted an observational study of 231 patients admitted for HE diagnosed by West Haven Criteria and found that 78% responded to lactulose within 10 days of admission. Response was defined as no longer meeting criteria for HE. Multivariate analysis of baseline characteristics found that total leukocyte count, MELD mean arterial pressure and hepatocellular carcinoma were independent predictors of nonresponse to lactulose. Ap- Alters gut flora thereby decreasing ammonia production Can be used as first-line propriate dosing is vital in the effective management of HE. One study showed that nearly 50% of HE recurrence were related to either no adherence or inappropriate dosing. 54 Multiple factors contribute to this lack of proper adherence ( Table 2) . Several studies have shown benefit in primary prophylaxis with lactulose in patients who have never had an episode of HE. 55, 56 Bajaj et al. 56 showed that treating minimal hepatic with lactulose was cost effective in preventing motor vehicle accidents. An open label, randomized control trial evaluating the use of lactulose in cirrhotic patient who have never had an episode of OHE found that, over the 12 months of follow-up, 11% of patients in the lactulose group developed symptoms of OHE compared to 28% in the group that did not receive lactulose. 55 Current guidelines however do not recommend the routine use of lactulose for primary prophylaxis in HE.
Antibiotics
Neomycin, vancomycin and metronidazole have been historically used in the setting of HE. 27 However rifaximin has become the antibiotic of choice in the treatment of HE due to its safety, efficacy and tolerability. In addition rifaximin is nonabsorbable allowing it to concentrate in the gut and limit its systemic absorption. A double-blind, randomized, placebo-controlled trial involving 299 patients in remission from HE found that rifaximin was more effective than placebo in preventing breakthrough HE. 57 Patients on rifaximin had a reduced risk of an episode of HE as compared to the placebo group with a breakthrough rate of 22.1% compared to 45.9% in the placebo group, HR of 0.42 (95% CI, 0.28 to 0.64; p<0.001). Furthermore patients in the rifaximin group had a HE related hospitalization rate of 13.6% as compared to 22.6% in the placebo group, a HR of 0.5 (95% CI, 0.29 to 0.87; p=0.01). The study further evaluated the safety and tolerability of continuous rifaximin used for 24 months and found no increase in adverse events, infection with Clostridium difficile or development of bacterial antibiotic resistance. 58 Current guidelines from AASLD recommend lactulose as initial treatment for HE, however rifaximin monotherapy has been shown to be effective. 51, 59 Furthermore while combination therapy for low grade HE has not been shown to improve outcomes, combination therapy should be considered for recurrent HE on lactulose or severe HE (Fig. 2) .
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When compared to neomycin, rifaximin was to be at least as effective in reducing blood ammonia levels and had less adverse effects. 62 Furthermore rifaximin has been shown to be noninferior to lactulose. 63 Combination treatment with rifaximin and lactulose is likely more beneficial than lactulose alone. Sharma et al. conducted a randomized, double-blind, placebo-controlled trial evaluating lactulose plus rifaximin compared to lactulose alone and showed that combination therapy was indeed more effective. 64 Of the patients treated with combination therapy, 76% had complete reversal of HE as compared to 50.8% in the lactulose only group. Furthermore there was significant improvements in mortality and hospital stay in the combination group. Neomycin has been previously used extensively in the management of HE. It has been shown to reduce the intestinal production of ammonia from glutamine and likely acts as a glutaminase inhibitor. 65 However adverse effects such as ototoxicity and nephrotoxicity limits its use in clinical practice. 61 Likewise, metronidazole is not currently recommended due to concern of nephrotoxicity and neurotoxicity with long-term use. 66 Likewise vancomycin is nephrotoxic and extensive use increases the risk of renal injury as well as development of resistance. 61 
Probiotics
As gut bacteria play a central role in producing ammonia it has been theorized that altering gut flora using probiotics may be beneficial in HE. Several randomized control trials have been conducted comparing probiotics to placebo or no treatment as well as lactulose and have shown some benefit. [67] [68] [69] The use of probiotics in secondary prophylaxis was evaluated in an openlabel, randomized controlled trial involving 235 patients divided into a lactulose, probiotic or no therapy arm. 70 Recurrence rate was found to be 26.2% (18 of 68) in the lactulose arm, 34.4% (22 of 64) in the probiotic arm and 56.9% (37 of 68) in the no therapy arm. While both lactulose and probiotics were significantly more effective than no therapy, no significant difference was found between the two. Zhao et al. 71 recently conducted a systemic review of nine randomized control trials and concluded that probiotics were associated with improvement in MHE, prophylaxis of OHE and reduction in severe adverse events.
Polyethylene glycol
Prior to the widespread adoption of nonabsorbable disaccharides, simple laxatives were often used to treat HE with some benefit suggesting that bowel evacuation alone may effectively treat HE. 72 Polyethylene glycol is a commonly used, safe and highly effective laxative that has recently been proposed as a possible agent for HE. Rahimi et al. 73 compared the use of polyethylene glycol 3350-electrolyte solution versus lactulose in the 
Flumazenil
Flumazenil is a benzodiazepine antagonist that targets GABA receptors. Laccetti et al. 74 conducted a double blind randomized, placebo controlled trial evaluating the use of flumazenil in acute HE. Of the patients that were treated with flumazenil 79% (22 of 28) showed clinical improvement compared to 54% (14 of 26) in the placebo arm. No mortality benefit was observed.
Ammonia scavengers
Ammonia scavengers help to increase ammonia clearance and thus reduce systemic concentrations of ammonia. Glycerol phenylbutyrate lowers serum ammonia by providing an alternative pathway for renal clearance of nitrogen via phenylacetylglutamine. A recent phase II clinical trial showed that glycerol phenylbutyrate reduced HE events (21% vs 36% in placebo group, p=0.02), was associated with fewer HE hospitalizations and lowered plasma ammonia. 75 In subgroup analysis of patients taking lactulose at baseline, the glycerol phenylbutyrate group had a HE event rate of 22% versus 45% in the placebo group (p<0.01). However there was no difference between treatment arms in those patients taking rifaximin at baseline. Ornithine pheynlacetate is another ammonia scavenger that augments the same pathway as glycerol phenylbutyrate, leading to excretion of ammonia in urine as pheynylacetylglutamine. Ornithine phenylacetate has been shown to reduce plasma ammonia levels in patients with decompensated cirrhosis. 76 Ornithine and aspartate are substrates of the urea cycle.
L-ornithine l aspartate
L-ornithine l aspartate (LOLA) seem to stimulate enzyme activity in residual hepatocytes by increasing carbamyl phosphate synthetase in periportal hepatocytes and increasing glutamine synthase in pericentral hepatocytes, leading to increased urea excretion. 77 A systematic review of eight randomized control trials evaluating the effectiveness of LOLA showed that LOLA significantly improved HE when compared to placebo or no intervention. 78 Similarly LOLA had a significantly greater reduction in plasma ammonia levels when compared to placebo or no intervention. When compared to lactulose, LOLA demonstrated similar improvement in HE with no statistically significant difference.
Zinc
Studies have shown that low zinc is associated with impairment of urea cycle enzymes leading to elevated ammonia levels. 79 Chavez-Tapia et al. 80 conducted a systemic review of four trials to evaluate the use of zinc in HE and found that oral zinc supplementation was associated with significant improvement in psychometric tests but did not affect recurrence rates. However no evidence on other clinical outcomes is currently available.
Portosystemic shunts
Medically refractory HE should raise suspicion of a spontaneous splenorenal shunt. One study evaluated the use of balloonoccluded retrograde transvenous obliteration of large spontaneous splenorenal shunts in patients with severe recurrent HE with the authors reporting symptomatic improvement of all patients at the time of discharge as well as at 4 month followup. 81 Furthermore a retrospective study evaluating patients with recurrent HE who achieved complete occlusion of portosystemic shunts compared to patients who did not undergo embolization showed some benefit in embolization. 82 Subgroup analyses of patients with MELD <15 and no hepatocellular carcinoma showed that 2-year survival was significantly higher in the embolization group than the control group. Median changed in MELD, Child-Turcotte-Pugh scores and liver volumes also favored the embolization group. Laleman et al. 83 conducted another retrospective, multicenter analysis evaluating the efficacy and safety with embolization of large spontaneous portosystemic shunts for treatment of chronic therapy-refractory HE. Thirty seven patients were included in the study. When evaluating for recurrence within 100 days post embolization, 22 of 37 patients (59%) were symptom-free, a significant difference from prior to embolization (p<0.001). Eighteen patients continued to be symptom free over a mean follow-up period of 691±157 days, again a significant difference from prior to embolization (p<0.001). Similarly, HE is often associated with iatrogenic shunt placement, such as TIPS. It is estimated that 5% to 35% of patients who undergo TIPS develop new or worsened HE post procedure. 84 Furthermore 3% to 7% of patients develop HE that is refractory to medical therapy, requiring shunt modification or emergent liver transplantation. 85 Bare metal stents are often associated with frequent HE post procedure with decreased frequency over time. This phenomenon is likely due to the development of shunt stenosis that progressively reduces the amount of shunted blood. 86, 87 New polyterafluroethylene-covered endoprostheses have reduced the number of shunt stenoses. Interestingly studies have shown that HE in patients with covered stents is either reduced or unchanged. 88, 89 This observation may be due to the fact that covered stent patients often require less dilations and restenting thereby reducing the episodes of HE that may occur right after shunt revisions. 90 A major risk factor for HE after TIPS is having recurrent HE prior to undergoing TIPS. This should be considered a contraindication for TIPS. 91 Other risk factors include age, low portacaval pressure gradient, high Child-Pugh scores, high creatinine, low serum sodium concentrations and MHE prior to TIPS. 87, [92] [93] [94] In cases of chronic refractory HE post TIPS, shunt revision is an option. Fanelli et al. 95 conducted a retrospective analysis of 12 patients who underwent reduction of TIPS due to severe HE refractory to medical intervention. Symptoms of HE disappeared in 18 to 26 hours post procedure in all patients. There was no recurrence at a mean follow-up of 73.9 (±61.88) weeks. However shunt revisions may result in increased portal hypertension and subsequently worsening varices or refractory ascites. 90 Thus careful consideration should be made in regard to which patients qualify for TIPS and which patients with recurrent HE post TIPS should undergo revision.
Artificial liver support and liver transplant
Albumin dialysis with molecular adsorbent recirculating system (MARS) decreases plasma concentrations of bilirubin, ammonia and creatinine as well as improves portal pressures and HE in patients with acute-on-chronic liver failure. [96] [97] [98] However a recent study found no survival benefit of MARS therapy in acute-on-chronic liver failure patient, although there was a nonsignificant improvement in severe HE. 99 Recurrent OHE in setting of liver failure is an indication for liver transplant and liver transplant remains the only definitive treatment for HE. However a diagnosis of HE does not increase your likelihood of receiving a liver transplant.
CONCLUSIONS
Hepatic encephalopathy is an important complication of liver cirrhosis associated with morbidity and mortality. Hepatic encephalopathy is also associated with substantial health care utilization and adverse impact of care givers. Early recognition of HE is essential for timely management. Treatment of HE revolves around its severity and includes lactulose and rifaximin either alone or in combination. Nutritional modification may also improve HE recurrence. Investigation is still ongoing regarding options for treating medically refractory HE including spontaneous splenorenal shunt embolization, glycerol phenylbutyrate, and artificial liver support.
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